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a b s t r a c t
Pitx2 is the last effector of the left–right (LR) cascade known to date and plays a crucial role in the
patterning of LR asymmetry. In Xenopus embryos, the expression of Pitx2 gene in the left lateral plate
mesoderm (LPM) is directly regulated by Xnr1 signaling, which is mediated by Smads and FoxH1.
Previous studies suggest that the suppression of Pitx2 gene in the left LPM is a potential cause of cardiac/
laterality defects in Oculo-Facio-Cardio-Dental (OFCD) syndrome, which is known to be caused by
mutations in BCL6 co-repressor (BCOR) gene. Recently, our work has revealed that the BCL6/BCOR
complex blocks Notch-dependent transcriptional activity to protect the expression of Pitx2 in the left
LPM from the inhibitory activity of Notch signaling. These studies indicated that uncontrolled Notch
activity in the left LPM caused by dysfunction of BCOR may result in cardiac/laterality defects of OFCD
syndrome. However, this Notch-dependent inhibitory mechanism of Pitx2 gene transcription still
remains unknown. Here we report that transcriptional repressor ESR1, which acts downstream of Notch
signaling, inhibits the expression of Pitx2 gene by binding to a left side-speciﬁc enhancer (ASE) region in
Pitx2 gene and recruiting histone deacetylase 1 (HDAC1) to this region. Once HDAC1 is tethered, histone
acetyltransferase p300 is no longer recruited to the Xnr1-dependent transcriptional complex on the ASE
region, leading to the suppression of Pitx2 gene in the left LPM. The study presented here uncovers the
regulatory mechanism of Pitx2 gene transcription which may contribute to an understanding of
pathogenesis of OFCD syndrome.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Anatomical LR asymmetry of the internal organs, such as the
orientation of the cardiovascular system, visceral organs and the
number of lung lobes, is conserved in vertebrates (Blum et al.,
2009; Levin, 2005; Palmer, 2004). Although the mechanisms
involved in breaking LR symmetry during very early vertebrate
development may not be conserved, the left-side speciﬁc expres-
sion of genes in the LPM such as Xnr1(a Xenopus ortholog of mouse
Nodal), Lefty as well as Pitx2 have been observed in all vertebrates
studied to date and these factors are essential for the patterning of
LR asymmetry (Boorman and Shimeld, 2002; Hamada et al., 2002;
Kato, 2011; Raya and Belmonte, 2006; Speder et al., 2007).
Pitx2 is a homeobox transcription factor that plays an impor-
tant role for establishing LR asymmetry during development. In
fact, knockout of Pitx2 in mice results in severe cardiac/laterality
defects including transposition of the great arteries, double-outlet
right ventricle, septal defect, right cardiac isomerism and right
lung isomerism (Gage et al., 1999; Lin et al., 1999; Lu et al., 1999).
Furthermore, ectopic expression of Pitx2 in the right side of chick,
zebraﬁsh and frog embryos affected the direction of heart looping
and gut coiling (Essner et al., 2000; Logan et al., 1998; Ryan et al.,
1998). During LR patterning, Pitx2 acts downstream of TGFβ
superfamily Xnr1 in the left LPM of Xenopus embryos (Campione
et al., 1999; Schweickert et al., 2000) and this molecular cascade in
the left LPM is conserved in all vertebrates examined to date (Long
et al., 2003; Meno et al., 1998; Piedra et al., 1998; Yoshioka et al.,
1998). The Xnr1 signaling pathway, which induces the expression
of Pitx2 in the left LPM, is mediated by the transcriptional complex
including Smad2/3, Smad4 and FoxH1. Transcription factor FoxH1
directly binds to the ASE region in Pitx2 gene and initiates
transcription of Pitx2 gene (Shiratori et al., 2001). Interestingly,
previous studies indicated that the suppression of Pitx2 in the left
LPM induced by dysfunction of BCOR may be a cause of laterality
defects in the heart and other viscera of patients with OFCD
syndrome (Hilton et al., 2007; Lin et al., 2000).
OFCD syndrome is an X-linked disorder characterized by ocular,
dental, cardiac/laterality and skeletal anomalies as well as mental
retardation (Aalfs et al., 1996; Gorlin et al., 1996; Hayward, 1980;
Hilton et al., 2007; Lin et al., 2000; Marashi and Gorlin, 1990, 1992;
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Wilkie et al., 1993). Frequent ocular defects include congenital
cataracts and microphthalmia. Facial anomalies include septate
nasal tip, high nasal bridge, midface hypoplasia as well as palatal
anomalies. Congenital cardiac abnormalities comprise septal
defects and mitral valve defects. Dental irregularities include
canine radiculomegaly, delayed and persistent dentition as well
as hypodontia. Skeletal anomalies contain syndactyly and
hammer-type ﬂexion deformities. Defective lateralization includes
dextrocardia, asplenia and intestinal malrotation. Genetic studies
have shown that mutations in BCOR gene at chromosomal location
Xp11.4 cause OFCD syndrome (Ng et al., 2004). These mutations in
BCOR gene result in premature termination of the protein with
deletion of the C-terminal domain (Horn et al., 2005; Ng et al.,
2004; Oberoi et al., 2005). BCOR was originally identiﬁed as a co-
repressor of transcriptional repressor BCL6 (Huynh et al., 2000).
BCOR has been reported to interact with histone deacetylase
(HDAC), demethylase and H2A ubiquitin ligase (Gearhart et al.,
2006; Huynh et al., 2000; Sanchez et al., 2007; Tsukada et al.,
2006), suggesting that BCOR may mediate epigenetic silencing to
repress transcription of target genes. Therefore, uncontrolled
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Fig. 1. The Xnr1-dependent transcriptional complex is a potential target of Notch signaling. (A) The experimental strategy. (B) One pg Xnr1 or 50 pg GR-FoxH1-VP16 RNA
were injected into a right ventral blastomere of 4-cell-stage embryos with or without 2 ng GR-NICD or 1 ng GR-ESR1 RNA. DEX was added into the culture medium at stage
22. The expression of Pitx2 at stage 25 was tested by whole mount in situ hybridization. (C) The quantitative assessment of the injections in (B). At least three independent
experiments were performed. “n” indicates the number of injected embryos. R: Injection into the right side of embryo.
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factors whose transcription is supposed to be blocked by BCOR
likely cause the phenotypes of OFCD syndrome. Recently, our work
has shown that uncontrolled Notch activity inhibits the expression
of Pitx2 in the left LPM of Xenopus embryos but only when the
function of the BCL6/BCOR complex is incompetent (Sakano et al.,
2010). This abnormal activity of Notch signaling is mediated by
transcriptional repressor ESR1, a direct downstream factor of
Notch signaling (Lamar and Kintner, 2005). These studies indicated
that abnormally-activated Notch signaling in the left LPM induced
by dysfunction of BCOR suppresses the expression of Pitx2, result-
ing in cardiac/laterality defects of patients with OFCD syndrome.
However, it is not known how this Notch activity blocks transcrip-
tion of Pitx2 gene.
To understand this inhibitory mechanism by Notch signaling,
we employed the frog Xenopus laevis as the animal model system
in this study. Xenopus produces a large number of embryos with
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Fig. 2. ESR1 directly blocked the expression of Pitx2 gene in the left LPM. (A) The experimental strategy. (B) One ng GR-NICD or 1 ng GR-ESR1 RNA was injected into a left
ventral blastomere of 4-cell-stage embryos. DEX was added into the culture medium at stage 22 and CHX was added 30 min before the addition of DEX. (C) The quantitative
assessment of the injections in (B). At least three independent experiments were performed. “n” indicates the number of injected embryos. L: Injection into the left side of
embryo.
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each fecundation. Xenopus also exhibits a very short developmen-
tal time during early development, external development as well
as close homology with human genes. The anatomical structure of
Xenopus is similar to human; particularly both are tetrapods.
Furthermore, this model easily enables the study of gene function
in vivo by gain-of-function and loss-of-function experiments with
microinjection of synthetic RNAs or antisense oligonucleotides.
These favorable features are very suitable to study the pathogen-
esis of human congenital diseases. Here we report that the
expression of Pitx2 gene is inhibited by binding of ESR1 to the
ASE region in Pix2 gene. After ESR1 recruits histone deacetylase 1
(HDAC1) to the ASE region, histone acetyltransferase p300 cannot
be recruited to the Xnr1-dependent transcriptional complex on
the ASE region, resulting in the suppression of Pitx2 gene in the
left LPM. Our study reveals the inhibitory mechanism of Pitx2 gene
transcription induced by uncontrolled Notch signaling which is
caused by dysfunction of the BCL6/BCOR complex.
Results
Notch-ESR signal targets the Xnr1-dependent transcriptional complex
in the left LPM
To understand how uncontrolled Notch activity suppresses the
expression of Pitx2 in the left LPM, we ﬁrst determined the target
of Notch-dependent inhibitory activity in Xnr1 signaling that
induces the expression of Pitx2 in the left LPM (Campione et al.,
1999). We tested whether Notch activity suppresses the expres-
sion of Pitx2 in the LPM induced by ectopic expression of either
Xnr1 or FoxH1-Vp16 which is an active form of FoxH1 (Watanabe
and Whitman, 1999). For this purpose, we used hormone-
inducible constructs including GR-FoxH1-VP16, GR-NICD as well
as GR-ESR1, and these are activated at stage 22 by dexamethasone
(DEX) when the expression of Xnr1 in the left LPM has already
started (Fig. 1A). Hormone-inducible constructs were used because
Notch signaling induces the bilateral expression of Xnr1 around
the gastrocoel roof plate (GRP) at the neurula stage, which is
essential for the expression of Xnr1 in the left LPM at the early
tailbud stage (Sakano et al., 2010; Schweickert et al., 2010). It was
necessary to avoid abnormal effects of Notch signaling at the
neurula stage, prior to the tailbud stage. Xnr1 or GR-FoxH1-VP16
RNA was ectopically expressed in the right LPM (Fig. 1B and C).
In either case, Pitx2 was bilaterally expressed or expressed at the
right side in about 90% of injected embryos (Fig. 1C). When GR-
NICD, a constitutively active form of Notch1 receptor, or GR-ESR1
RNA (Sakano et al., 2010) was co-injected with Xnr1 or GR-FoxH1-
VP16, the number of embryos with bilaterally or right expressing
Pitx2 in either Xnr1 or GR-FoxH1-VP16 injected embryos was
reduced to about 30% (Fig. 1C). This result indicates that the
potential target of Notch-ESR1 signal is the Xnr1-dependent
transcriptional activity, which activates the expression of Pitx2
gene in the LPM, such as the function of FoxH1, co-activators and
chromatin modifying factors.
ESR1 is a transcriptional repressor with the basic-helix-loop-
helix (bHLH) DNA-binding domain and a frog ortholog of mam-
malian Hes5 (Davis and Turner, 2001; Lamar and Kintner, 2005).
Therefore, it is possible that ESR1 binds to the ASE region in Pitx2
gene, on which the Xnr1-dependent transcriptional complex is to
initiate transcription (Shiratori et al., 2001), and inhibits the
expression of Pitx2 in the left LPM. To conﬁrm this possibility,
we examined whether ESR1 inhibits the expression of Pitx2 with-
out new protein synthesis. GR-ESR1 RNA was expressed in the left
LPM and new protein synthesis was blocked by cycloheximide
(CHX) at stage 22. After that, GR-ESR1 was activated by adding
DEX (Fig. 2A). The expression of Pitx2 in the left LPM was
suppressed in about 75% of GR-ESR1 injected embryos with DEX
or about 70% of GR-ESR1 injected embryos with DEX and CHX
(Fig. 2B and C). This result demonstrated that new protein
synthesis was not required for ESR1 to suppress the expression
of Pitx2. As a control, a similar experiment using GR-NICD was
performed to test the effect of CHX. The expression of Pitx2 in the
left LPM was suppressed in about 90% of GR-NICD injected
embryos with DEX or about 5% of GR-NICD injected embryos with
DEX and CHX (Fig. 2C). This showed that the CHX treatment
blocked the synthesis of ESR1 protein, resulting in the rescue of
Pitx2 gene expression in the LPM. This result reveals that ESR1
inhibits the expression of Pitx2 in the left LPM without induction
of downstream factors.
Taken together these results suggest that ESR1 binds to the ASE
region in Pitx2 gene and blocks the function of the Xnr1-
dependent Smad/FoxH1 complex on the ASE region.
ESR1 blocks the recruitment of histone acetyltransferase p300 to the
ASE region in Pitx2 gene
To determine how Notch-ESR1 signal suppresses the expres-
sion of Pitx2, two hypotheses were examined. The ﬁrst hypothesis
is that ESR1 blocks the interaction between FoxH1 and the ASE
region by masking the FoxH1-binding sites on the ASE region in
Pitx2 gene. The ASE region contains three FoxH1-binding sites (red
boxes in Fig. 3A), one N-box (a blue box in Fig. 3A), to which the
Hes factors preferentially bind, and ﬁve E-boxes (green letters in
Fig. 3A), to which most bHLH transcription factors bind (Hirata
et al., 2000; Kageyama et al., 2007; Sasai et al., 1992; Shiratori
et al., 2001). First, the interaction between ESR1 and the ASE
region was examined by chromatin-immunoprecipitation (ChIP)
assay (Fig. 3B). HA-ESR1 was over-expressed in Xenopus embryos
and extract from these embryos was used for ChIP assay. HA-ESR1
was co-immunoprecipitated with the DNA fragment including the
FoxH1-binding site in the ASE region (Fig. 3C). Next, we tested
whether ESR1 interferes with the interaction between FoxH1 and
the ASE region. The interaction between FoxH1 and the ASE region
was detected in the embryos expressing myc-FoxH1 and this
interaction was not blocked by the expression of HA-ESR1
(Fig. 3D). Although the different amount of myc-FoxH1 RNA
(100 pg–2 ng) was co-injected with HA-ESR1, HA-ESR1 could not
block the interaction between FoxH1 and the ASE region (data not
shown). These results showed that the ﬁrst hypothesis seems to be
incorrect. The second hypothesis is that ESR1 prevents the
recruitment of histone acetyltransferase p300 to the Xnr1-
dependent transcriptional complex. This hypothesis was devel-
oped based on two observations: (1) over-expression of ESR1
could inhibit the activity of FoxH1-VP16, which does not need
activated Smad2 to initiate transcription of Pitx2 gene, (Figs. 1
and 2), and (2) p300 interacts with Smad2 (Janknecht et al., 1998)
or the VP16 domain (Wang et al., 2000) to initiate transcription.
First, we tested whether p300 function is required for the Xnr1-
dependent transcriptional activity in the expression of Pitx2 gene.
The expression of Pitx2 was induced by activin in animal cap
explants representing the left LPM, which activates the Smad2-
FoxH1 pathway similar to Xnr1 and induces the expression of Pitx2
in animal cap explants (Schweickert et al., 2000; Watanabe and
Whitman, 1999) (Fig. 4A). As expected, co-injection of E1A
RNA, which is an inhibitor of p300 (Howe et al., 1990; Kato
et al., 1999), decreased the expression of Pitx2, indicating that
p300 is necessary to induce the expression of Pitx2 (Fig. 4B).
Next, the interaction between p300 and the ASE region was
examined by ChIP assay (Fig. 3B). In the Xenopus embryos
ﬂag-p300 was co-expressed with activin, which stimulates the
generation of endogenous Smads/FoxH1 complex, and the extract
from these embryos was used for ChIP assay with α-ﬂag antibody.
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The interaction between p300 and the ASE region was detected
(Fig. 4C). These data show that p300 is involved in the initiation of
Pitx2 gene transcription. Next, we tested whether ESR1 can block
the recruitment of p300 to the ASE region. ESR1 and p300 were
co-expressed in Xenopus embryos and the interaction between
p300 and the ASE region was examined by ChIP assay. Co-
expression of ESR1 prevented the interaction between p300 and
the ASE region (Fig. 4C). These results demonstrate that ESR1
binds to the ASE region in Pitx2 gene and blocks the recruitment of
p300 to the Xnr1-dependent transcriptional complex.
The next question was how ESR1 blocks the recruitment of
p300 to the ASE region. Since mammalian Hes proteins interacts
with Groucho/TLE proteins (Fisher et al., 1996; Grbavec et al., 1998;
Grbavec and Stifani, 1996) and recruits histone deacetylases
(HDACs) to shut down transcription (Chen et al., 1999), ESR1
may also recruit HDACs to the ASE region and repress the
expression of Pitx2 gene. Therefore, we tested whether Trichosta-
tin A (TSA), an inhibitor of the class I and II HDACs (Khan et al.,
2008), blocks the inhibitory function of ESR1 in the expression of
Pitx2 (Fig. 4A). In animal cap explants, co-injection of ESR1 with
activin reduced the expression of Pitx2. When TSA was added to
the culture medium, the expression level of Pitx2 in the ESR1
injected explants was restored to a level similar to one induced by
activin alone (Fig. 4D). This suggests that the function of class I and
II HDACs is necessary for the suppression of Pitx2 gene by ESR1. In
order to test whether ESR1 recruits HDACs to the ASE region, the
interaction between HDAC1 and the ASE region in the presence of
ESR1 was examined by ChIP assay. Although HDAC1 was not
precipitated in the activin stimulation, HDAC1 was recruited to
the ASE region when ESR1 was expressed (Fig. 4E). This result
shows that ESR1 recruits HDAC1 to the ASE region in Pitx2 gene.
Taken together, our data demonstrate that ESR1 induced by
abnormal activation of Notch signaling binds to the ASE region in
Pitx2 gene and prevents the recruitment of p300 to Xnr1-
dependent transcriptional complex on the ASE region by recruiting
HDAC1 (Fig. 5). HDAC1 may alter local chromatin structure to shut
down transcription of Pitx2 gene.
Discussion
The analysis presented here provides the inhibitory mechanism
of Pitx2 gene transcription by uncontrolled Notch signaling in the
left LPM of Xenopus embryos when the function of BCL6/BCOR
complex is blocked. Transcriptional repressor ESR1 induced by
abnormally-activated Notch signaling binds to the ASE region in
Pitx2 gene and recruits HDAC1. Then, HDAC1 blocks the expression
of Pitx2 gene in the left LPM by preventing the recruitment of p300
to the Xnr1-dependent transcriptional complex.
X-linked OFCD syndrome is caused by mutations in BCOR gene
including nonsense, frameshift, deletion and splicing mutations
(Ng et al., 2004). This syndrome is characterized by ocular, dental,
cardiac/laterality and skeletal anomalies as well as mental retar-
dation (Aalfs et al., 1996; Gorlin et al., 1996; Hilton et al., 2009; Lin
et al., 2000). Importantly, previous studies showed that dysfunc-
tion of BCOR causes laterality defects of the heart and other viscera
and induces the suppression of Pitx2 gene in the left LPM (Hilton
et al., 2007; Lin et al., 2000), indicating that the suppression of
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Fig. 3. ESR1 and FoxH1 independently bind to the ASE region in Pitx2 gene. (A) Nucleotide sequence of the ASE region in Xenopus Pitx2 gene. Three FoxH1-binding sites (red
boxes), one N-box (blue box) and ﬁve E-boxes (green letters) are indicated within the ASE region. (B) The experimental strategy of ChIP assay. (C) One ng HA-ESR1 RNA was
injected into 2-cell-stage embryos, and embryonic extracts were isolated at stage 10 for ChIP analysis. ChIP assays were performed using α-HA antibody. (D) One ng myc-
FoxH1 RNA was injected into 2-cell-stage embryos with or without 1 ng ﬂag-ESR1 RNA, and nuclear extracts were isolated at stage 10 for ChIP analysis. ChIP assays were
performed using α-myc antibody.
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Pitx2 gene may trigger cardiac/laterality defects of patients with
OFCD syndrome. BCOR was originally found as a co-repressor of
transcriptional repressor BCL6 (Huynh et al., 2000). BCOR has also
been shown to regulate the targets of BCL6 as a component of an
800 kDa complex which contains at least two chromatin modify-
ing factors; the PcG transcriptional repressor RNF2, a histone H2A
E3 ubiquitin ligase, and FBXL10/JHDM1B, a Jmjc histone demethy-
lase (Gearhart et al., 2006; Sanchez et al., 2007). Recently, our
work using Xenopus embryos revealed that BCOR interacts with
BCL6 and blocks the Notch-dependent transcription of the selected
target gene, ESR1, to maintain the expression of Pitx2 in the left
LPM during the patterning of LR asymmetry (Sakano et al., 2010).
The study presented here with these previous data indicates the
model mechanism which causes cardiac/laterality defects in OFCD
syndrome; dysfunction of the BCL6/BCOR complex by mutations in
the BCOR gene induces the expression of ESR1 through abnormal
activation of Notch signaling, and binding of ESR1 to the ASE
region leads to the suppression of Pitx2 in the left LPM by
recruiting HDAC1, resulting in cardiac/laterality defects. It still
remains unclear if the suppression of Pitx2 gene induced by
dysfunction of BCOR leads to other disorders of OFCD syndrome
such as ocular, dental and skeletal anomalies as well as mental
retardation. Interestingly, previous studies have shown that knock-
out of Pitx2 resulted in embryonic lethality as well as ocular,
craniofacial, dental, brain, heart, lung, body wall and other
systemic defects (Evans and Gage, 2005; Gage et al., 1999;
Kitamura et al., 1999; Lin et al., 1999; Liu et al., 2003; Lu et al.,
1999; Martin et al., 2004), suggesting that the suppression of Pitx2
gene may cause most defects of OFCD syndrome. However, there
may not be only one inhibitory mechanism of Pitx2 gene tran-
scription. Pitx2 gene encodes several different isoforms; these
include four, Pitx2A-D, in humans (Cox et al., 2002), three,
Pitx2a-c, in mice and frogs (Schweickert et al., 2000) and two,
Pitx2a and Pitx2c, in chickens (Yu et al., 2001) and zebraﬁsh
(Essner et al., 2000). The isoforms have different N-terminal
sequences but share the homeodomain and C-terminal region.
While the expression proﬁle of Pitx2 isoforms showed largely
overlapping expression patterns, some differences of expression
patterns among Pitx2 isoforms were observed (Essner et al., 2000;
Liu et al., 2003; Schweickert et al., 2000; Yu et al., 2001). This
suggests that some isoforms likely use speciﬁc enhancers for
transcription initiation. To date, only the Pitx2c expression in the
left LPM of Xenopus embryos, which is regulated through the ASE
region (Shiratori et al., 2001), has been reported to be regulated by
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Fig. 4. ESR1 recruits HDAC1 to the ASE region to exclude p300 from the Xnr1-dependent transcriptional complex. (A) The experimental strategy of animal cap assay. Zygotic
transcription starts at stage 8. (B) Twenty pg activin RNAwas injected into 2-cell-stage embryos with or without 100 pg E1A RNA and animal caps were dissected at the stage
8. Caps were cultured until sibling embryos reached stage 10, and Pitx2 gene expression was evaluated by semi-quantitative RT-PCR analysis. (C) Two ng ﬂag-p300 RNA
and/or 20 pg activin RNA was injected into 2-cell-stage embryos with or without 2 ng HA-ESR1 RNA, and embryonic extracts were isolated at stage 10 for ChIP analysis. ChIP
assays were performed using α-ﬂag antibody. (D) Twenty pg activin RNA was injected into 2-cell-stage embryos with or without 2 ng HA-ESR1 RNA, and animal caps were
dissected at the stage 8. Caps were cultured with or without 50 nM TSA until sibling embryos reached stage 10, and Pitx2 gene expression was evaluated by semi-quantitative
RT-PCR analysis. (E) Twenty pg activin RNA was injected into 2-cell-stage embryos with or without 2 ng HA-ESR1 RNA, and embryonic extracts were isolated at stage 10 for
ChIP analysis. ChIP assays were performed using α-HDAC1 antibody.
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the BCL6/BCOR complex (Hilton et al., 2007; Sakano et al., 2010).
Furthermore, BCOR has been shown to bind to some transcrip-
tional factors in addition to BCL6. For instance, the transcriptional
regulator AF9/MLLT3 directly interacts with BCOR (Srinivasan
et al., 2003). AF9 is a regulator of Hox gene expression and
essential for skeletal development (Collins et al., 2002). Therefore,
it is possible that unknown inhibitory mechanisms of Pitx2 gene
transcription other than the inhibition by uncontrolled Notch
activity may be involved in the pathogenesis of OFCD syndrome.
Further studies will be necessary to more deeply dissect the
molecular pathogenesis of OFCD syndrome.
Xenopus has been a principal animal model system for studies
of biomedical science for over 80 years and has contributed to
diverse ﬁelds including molecular, cell, developmental, stem cell
and system biology as well as ion channel physiology and
toxicology (Khokha, 2012). Xenopus has many favorable features
for in vivo studies such as the production of thousands of embryos
with each fecundation (sufﬁcient quantity for biochemical puriﬁ-
cation and microinjection of nucleic acids), a very rapid develop-
mental time during early development, larger size embryos (the
best material for manipulation and microsurgery) and external
development. Xenopus also provides abundant totipotent cells that
can be transformed into a host of different tissues (useful material
to study stem cell biology). Since Xenopus exhibits close homology
to human genes with conserved cell signaling and has a similar
anatomical structure to humans (both tetrapods), the basic cell,
molecular, and developmental mechanisms discovered in Xenopus
can generally be applied to studies for human diseases. Further-
more, rapid gain-of-function and loss-of-function assays using
microinjection of RNA or antisense morpholino oligonucleotides,
one of the favorable features of Xenopus, provide a very useful
method to examine the abnormal function of potential responsible
genes for human diseases in vivo (Boskovski et al., 2013; Hilton
et al., 2007). These gain-of-function and loss-of-function assays
have also been used to identify a responsible sequence variant
relevant to human diseases among many sequence variants dis-
covered in human patient samples by the beneﬁts of recent
sequencing techniques (Fakhro et al., 2011; Pittman et al., 2009).
The study presented here using these favorable features of
Xenopus described above has shown that Xenopus is very valuable
animal model system that can provide insights into the molecular
pathogenesis of human diseases. Therefore, the frog Xenopus
should be reafﬁrmed as a suitable animal model system to study
human diseases and used more in future studies of human
diseases.
Materials and methods
Embryo manipulations
Eggs were artiﬁcially fertilized by using testis homogenate and
cultivated in 0.1 Marc0s Modiﬁed Ringer0s solution (MMR) (Peng,
1991). Embryos were staged according to Nieuwkoop and Faber
(1967).
DNA constructs
pCS2þ GR-NICD, pCS2þ GR-ESR1, pCS2þ HA-ESR1, and
pCS2þ E1A have been described previously (Kato et al., 1999;
Sakano et al., 2010). Xenopus FoxH1-VP16, Xenopus FoxH1, or ﬂag-
human p300 was sub-cloned into pCS2þ GR or pCS2þ vector,
respectively.
Microinjection of synthetic RNA
Capped synthetic RNAs were generated by in vitro transcription
with SP6 polymerase, using the mMessage mMachine kit (Ambion,
Inc.). For microinjections, embryos were injected with 5–10 nl of
the speciﬁed amount of RNA in 3% Ficoll in 0.1 MMR and
cultured in 0.1 MMR until the desired stage. nucß-gal RNA for
whole mount in situ hybridization was injected as a tracer. For the
activation of GR-fused proteins, dexamethasone (DEX: ﬁnal con-
centration 200 μM) was added into the culture medium. For
inhibition of protein synthesis, cycloheximide (CHX: ﬁnal concen-
tration 5 μg/ml) was added into the culture medium 30 min before
DEX was added.
Beta-galactosidase staining and whole mount in situ hybridization
Embryos were ﬁxed with MEMFA (0.1 M MOPS, 2 mM EGTA
[pH8.0], 1 mM MgSO4 and 3.7% formaldehyde) containing 0.02%
Triton-X for 30 min at room temperature. Galactosidase activity
was visualized with the RedGal substrate (Research Organics) in
staining buffer (5 mM K3[Fe(CN)6], 5 mM K4[Fe(CN)6], 2 mMMgCl2
in PBS). After staining, embryos were re-ﬁxed with MEMFA for
30 min. Whole mount in situ hybridization was performed as
described previously (Harland, 1991; Kiyota et al., 2008; Takada
et al., 2005) by using Digoxigenin (Roche Applied Science)-labeled
antisense RNA probes and BM purple (Roche Applied Science) for
the chromogenic reaction.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed
according to Blythe et al. (2009). Brieﬂy, stage 10 embryos were
ﬁxed with 1% formaldehyde in PBS for 60 min at room temperature.
After ﬁxation, embryos were homogenized in 600 μl RIPA buffer
(50 mM Tris–HCl [pH 7.4], 1% NP-40, 0.25% Na-Deoxycholate,
150 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.5 mM DTT, 5 mM Na-
Butyrate, Protease Inhibitor Cocktail, Phosphatase Inhibitor Cocktail),
and centrifuged. The pellet was re-homogenized in 650 μl RIPA buffer
and crosslinked chromatin is sheared to o1000-bp fragments
by sonication. Sonicated samples were immunoprecipitated by 1 μg
FoxH1
SMAD2
Notch-On
Notch-Off
Pitx 2
ESR1
HDAC1
Pitx 2FoxH1
SMAD2
p300
p300
Fig. 5. The model of the inhibitory mechanism by Notch-ESR1 signal in transcrip-
tion of Pitx2 gene. When the BCL6/BCOR complex malfunctions in the left LPM,
Notch signaling excessively initiates the expression of ESR1 gene. ESR1 binds to the
ASE region in Pitx2 gene and recruits HDAC1 to this region. HDAC1 may alter local
chromatin structure, and prevents the recruitment of p300 to the Xnr1-dependent
transcriptional complex on the ASE region. Therefore, Pitx2 expression is sup-
pressed in the left LPM, resulting in laterality defects.
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α-myc, α-HA, α-HDAC1 (Santa Cruz Biotechnology, Inc) or α-ﬂag
(Sigma) antibody with 50 μl Protein G-PLUS agarose beads (Santa
Cruz biotechnology, Inc). After immunoprecipitation, eluted DNAwas
puriﬁed by Phenol/Chloroform extraction and analyzed by using PCR
with speciﬁc primer pair (FoxH1-BS, PCR cycle 40: Forward 50-
AGGATCTAGGGATCTCATTAGCAC-30, Reverse 50-AATCTGCTGTGACT-
GAAAGAAACTT-30).
Animal cap assay and semi-quantitative RT-PCR analysis
After synthetic RNAs were injected into animal pole of 2-cell
stage embryos, animal caps were dissected from stage 8 embryos.
Caps were cultured in 0.5 MMR until stage 10 and total RNA
was isolated from them. For inhibition of HDAC function, Trichostatin
A (TSA: ﬁnal concentration: 50 nM) was added into the culture
medium. Total RNA was isolated with TRIzol reagent (Life technolo-
gies) according to the manufacturer0s instructions. Semi-quantitative
RT-PCR was performed as described previously (Kato et al., 1999).
Primer sequences are followed. ODC (PCR cycles 20): Forward 50-
ACATGGCATTCTCCCTGAAG-30, Reverse 50-TGGCCCAAGGCTAAAGTTG-
30. Pitx2 (PCR cycles 25): Forward 50-TGGCTGGGAGTAGAGTTGCT-30,
Reverse 50-ATCGGTACTGCTGTCCTCGT-30.
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